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Abstract 

Background: Type 2 diabetes (T2D) is a complex metabolic disorder characterized by insulin resistance and 
hyperglycemia. Peroxisome proliferator-activated receptor gamma (PPARy) is a key transcription factor and plays an 
important role in the regulation of genes involved in adipogenic differentiation, glucose metabolism and insulin 
signal transduction. 

Methods: In this study, the effects of the root extract of Atmctylodes joponico Koidzumi (Atractylodis Rhizoma Alba, 
ARA) on the differentiation of 3T3-L1 preadipocytes and the possible mechanism of glucose transport were 
investigated. 3T3-L1 cells were cultured with insulin and ARA extract. 

Results: In 3T3-L1 cells, ARA extract significantly enhanced adipogenic differentiation and upregulated the 
expression of PPARy genes and protein in a dose-dependent manner. ARA also promoted glucose transport by 
increasing the glucose transporter 4 (GLUT-4), phosphatidylinositol 3-kinase (PI3K) and insulin receptor substrates-1 
(IRS-1) levels. 

Conclusion: Our results suggest that ARA extract may be an attractive therapeutic agent for managing T2D via 
promoting the differentiation of adipocytes with the upregulation of PPARy levels and the activation of the insulin 
signaling pathway. 

Keywords: Atractylodes japonica, Atractylodis Rhizoma Alba, 3T3-L1 adipocyte, PPARy, GLUT4, Insulin, Type 2 
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Background 

The modern lifestyle, with its abundant nutrient supply 
and sedentary behavior, has resulted in dramatic increases 
in the rates of obesity-associated diseases including type 2 
diabetes (T2D) [1]. T2D is a complex metabolic disorder 
characterized by insulin resistance and hyperglycemia [2], 
Insulin resistance is a major risk factor of T2D and refers 
to a state in which physiological concentrations of insulin 
are poorly effective [3]. Insulin levels increase to compen- 
sate for progressing insulin resistance leading to decreased 
glucose uptake and glucose utilization [4]. Therefore, insu- 
lin resistance in target tissues, including the adipose tissue. 
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muscle and liver, is the central pathophysiological event in 
the development of T2D [5]. 

Adipocytes are key inducers of insulin resistance that 
modulate adipokine secretion in T2D [6]. Abnormal differ- 
entiation of preadipocytes affects glucolipid metabolism 
and induces insulin resistance [7]. Adipocyte differentiation 
is a complex process that involves expression of several 
adipocyte-specific genes, including PPARy (peroxisome 
proliferator-activated receptor-gamma), which lead to mor- 
phological changes and lipid accumulation within the cells 
[8]. PPARy, which is mainly found in adipose tissue, is a 
key transcription factor that regulates adipogenesis and 
plays an important role in the regulation of genes involved 
in adipocyte differentiation, lipid storage, glucose metabol- 
ism and insulin signal transduction [6,9]. PPARy activation 
can increase the number of small adipocytes, which are 
more sensitive to insulin, and reduce the number of large 
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adipocytes [10]. In this regard, PPARy has been an attract- 
ive target for new drug discovery, and several types of 
PPARy agonists with new structures have been developed. 

Insulin signaling involves a cascade of events initiated by 
insulin binding to its cell surface receptor, followed by re- 
ceptor autophosphorylation and activation of receptor 
tyrosine kinases, resulting in tyrosine phosphorylation of 
insulin receptor substrates (IRS) [11]. IRS-1 is integrated 
with PI3-kinase (phosphatidylinositol 3-kinase), which is 
necessary but not sufficient for the stimulation of the glu- 
cose transporter (GLUT)-4-mediated increase in glucose 
transport [12]. The final step in this signaling cascade is 
the translocation of GLUT4 from intracellular compart- 
ments to the plasma membrane, thereby facilitating the 
entry of glucose into insulin-sensitive cells like fat cells [4]. 

The root of Atractylodes japonica Koidzumi (Atractylodis 
Rhizoma Alba, ARA) is an herbal medicine traditionally 
used in East Asia for treatment of obesity and related com- 
plications [13]. In recent years, several studies have 
reported that ARA has various pharmacological activities 
such as anti-obesity [8], anti-inflammatory [14], gastropro- 
tective [15] and anti-oxidant [16] effects. However, the 
mechanism of its anti-diabetic effects has not yet been 
investigated. 

Thus, in this study, to evaluate the potential anti-diabetic 
effects of ARA, 3T3-L1 preadipocytes were differentiated 
into adipocytes. The specific aim of this study was to verify 
the action mechanism underlying the beneficial effect of 
ARA on lipid accumulation, adipocytes differentiation and 
insulin signaling pathway, with focus on the extent of treat- 
ment during adipocytes differentiation. 

Methods 

Preparation of ARA extract 

The roots of A, japonica Koidzumi (ARA) were pur- 
chased from the Kwanmyungdang Medicinal Herbs 
(Ulsan, South Korea) and authenticated by Prof. Yong-Ki 
Park, a medicinal botanist, as an author in this study. 
Voucher specimens (ARA-W-1201) have been deposited 
in the herbarium of Oriental Medicine R&D Center, 
Dongguk University, South Korea. The dried roots 
(210 g) were extracted by boiling in water for 3 h, fil- 
tered through a two-layer mesh and concentrated in a 
bofling water bath to obtain the residue (yields of 26%). 
ARA extract was stored at -20°C until the experiment 
was performed. 

3T3-L1 cell culture and differentiation into adipocytes 

3T3-L1 cells, murine preadipocytes (ATCC, Manassas, 
VA, USA) were maintained in Dulbeccos Modified 
Eagle s Medium (DMEM) supplemented with 10% heat- 
inactivated bovine calf serum (BCS; Hyclone, Logan, 
UT) in a 5% CO2 humidified atmosphere at 37°C. To 
differentiate preadipocytes into adipocytes, the ceUs were 



seeded in 60-mm dishes at a density of 1 x 10^/mL cells, 
and then cultured to confluence for 8 days while changing 
the medium every 2 days, followed by culturing for 2 days 
in medium supplemented with 0.5 mM 3-isobutyl-l- 
methylxanthine (IBMX), 1 (iM dexamethasone and 
5 (ig/mL insulin. The cells were cultured for an add- 
itional 1 day in medium containing 5 (ig/mL insulin. 
ARA extract was dissolved in adipocyte-induction media 
and filtered through 0.2 (im-pore syringe filters. The 
cells were treated every 2 days with ARA extract at con- 
centrations of 100, 250 and 500 (ig/mL in adipocyte- 
induction media for 6 days. 

MTT assay 

CeU viability was assessed by the conversion of MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro 
mide] (MTT; Roche, Mannheim, Germany) to formazan. 
3T3-L1 ceUs were pre-treated with ARA extract at dif- 
ferent concentrations for 8 days. At the termination of 
culture, 10 (iL of MTT solution was added to each weU, 
and the ceUs were then cultured for 4 h. 100 (iL of 
DMSO was added to each well, and then the optical 
density (OD) was measured at 550 nm by a microplate 
reader (GENios, TEKAN Instruments, Inc., Austria). 

Oil Red O staining 

3T3-L1 cells were washed with Ix phosphate-buffered 
saline (PBS) and fixed with 10% formalin-PBS solution 
for 1 h. After removing this solution, the differentiated 
ceUs were stained with Ofl Red O dye (Sigma Aldrich, 
St. Louis, MO) for 30 min at room temperature. The 
ceUs were washed four times with distiUed water. Images 
were coUected using an Olympus microscope (Tokyo, 
Japan). Stained oil droplets were dissolved in isopropyl 
alcohol and quantified at 520 nm using a microplate 
reader (GENios, TEKAN Instruments, Inc., Austria). 

Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA from the cells was isolated with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). Total RNA was reverse 
transcribed for 1 h at 42°C in a reaction mixture containing 
RNA, Ix reverse transcriptase buffer (Promega, Madison, 
WI), 0.5 mM of dNTP (deoxynucleotide triphosphate), 
3 mM MgCl2, 5 U RNase inhibitor (Amersham, Piscataway, 
NJ), 0.5 (iM oligo-dT primer, and 5 U of Superscript Re- 
verse Transcriptase (Promega, Madison, WI) in a total vol- 
ume of 20 (iL. The PGR was performed using the prepared 
cDNA as a template with the following cycle parameters: 
94°C, 2 min, 30-35 cycles; 94°C, 30s; 56'-59°C, 30s; 
72°C, 1 min; 92°C, 10 min. PGR products were then 
resolved on 1% agarose gels at 100 V. Specific genes 
were verified by assessing their predicted sizes under UV 
light. The primer sequences for PPARy and GAPDH 
were as follows: PPARy [accession no. NM 011146] Fw: 
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5'-GAA AGA CAA CGG ACA AAT GAG G-3' and Rv: 
5 -GGG GGT GAT ATG TTT GAA CTT G-3', and 
GAPDH [accession no. XM 994067.2] Fw: 5'-CTC CTG 
GAG TCT ACT GGT GT-3' and Rv: 5'-GTC ATC 
ATA CTT GGC AGG TT-3'. GAPDH was used as an 
internal control for PGR. 

Western blot 

The cells were lysed with lysis buffer containing 10 mM 
Tris-HCl, pH 7.9, 10 mM NaCl, 3 mM MgCls, and 1% 
NP-40. After centrifugation at 12,000 rpm for 10 min, 
the supernatant was stored at -80°C until use. The pro- 
tein concentration was determined by Bradford's assay. 
30 (ig/mL of protein were separated by 8% SDS-PAGE 
and then transferred to nitrocellulose membranes. The 
membranes were blocked with 5% skim milk (BD, Franklin 
Lakes, NJ, USA) in TBS-T buffer (10 mM Tris-HCl, 
150 mM NaCl, and 0.5% Tween-20) for 1 h. The mem- 
branes were incubated overnight with primary antibodies 
at 4°C and then incubated with horseradish peroxidase 
(HRP) -conjugated secondary antibodies. The blots were 
developed with ECL Western detection reagents (Amersham 
Bioscience, Piscataway, NJ). The antibodies used in this 
study were anti-PPARy (1:1000, Santa Cruz Biotech- 
nology, Santa Cruz, CA), anti-GLUT4 (1:500, Santa 
Cruz Biotechnology), anti-PI3K (1:1000, Cell Signaling 
Technology, Beverly, MA), anti-IRS-1 (1:500, Cell Sig- 
naling Technology), anti-phospho-IRS-1 (1:500, Cell 
Signaling Technology), anti-|3-actin (1:1000, Sigma 
Aldrich) and HRP-labeled anti-rabbit or mouse IgG 
(1:5000; Santa Cruz Biotechnology). 

Immunofluorescence staining 

The cells were grown on glass coverslips in 2-well cul- 
ture plates. After 8-day treatment with ARA extract, the 
cells were fixed with 4% paraformaldehyde for 30 min, 
washed with PBS, and then permeabilized with 0.2% Tri- 
ton X-100 in Ix PBS for 15 min at room temperature. 
After blocking in 1% BSA in Ix PBS for 1 h, the cells 
were incubated overnight with anti-GLUT-4 (1:50, Cell 
Santa Cruz Biotechnology) antibody at 4°C. Coverslips 
were washed and incubated with Alexa Fluor-conjugated 
goat anti-rabbit antibody (1:50, Santa Cruz Biotechnol- 
ogy) for 2 h at RT. After DAPI staining, the coverslips 
were mounted on glass slides and examined under a 
fluorescence microscope (Olympus, Japan). 

Statistical analysis 

Data of all experiments are expressed as the mean ± S.D. 
and are representative of three independent experiments. 
Statistical analysis was carried out by one-way ANOVA 
with the Post-Hoc test using Graphpad Prism 5.0 
statistical analysis software (GraphPad Software, Inc., 



San Diego, CA). Values of p<0.05 were considered 
significant. 

Results 

Effect of ARA extract on cell viability 

To avoid any cytotoxicity caused by ARA extract, we 
first investigated the effect of ARA extract on the cell 
viability in 3T3-L1 cells by MTT assay (Figure 1). ARA 
extract at concentrations of 100, 250 and 500 \iM did 
not cause cell toxicity. Therefore, we used ARA extract 
at concentrations of 500 \iM or less for subsequent stud- 
ies of its anti-diabetic properties and action mechanism 
in the cells. 

Effect of ARA extract on adipogenic differentiation 

To investigate the effect of ARA extract on adipogenic 
differentiation in preadipocytes, post-confluent 3T3-L1 
cells were maintained in MDI media and then treated 
with ARA extract at concentrations of 100, 250, and 
500 (ig/mL. Adipogenic differentiation was measured by 
Oil Red O staining for lipid droplet accumulation. As 
shown in Figure 2, ARA extract significantly enhanced 
adipogenic differentiation in 3T3-L1 cells. This effect 
was similar to that seen in response to troglitazone, a 
PPARy agonist, in 3T3-L1 cells. This data suggests that 
ARA extract promotes adipogenic differentiation in 
preadipocytes. 

Effect of ARA extract on PPAR y expression 

Adipogenic differentiation-induced lipid accumulation is 
accompanied by induction of the master adipogenic 
transcription factor, PPARy, in adipocytes [6]. Therefore, 
we investigated the expression of PPARy mRNA and 
protein in 3T3-L1 adipocytes. As shown in Figure 3, 
ARA extract significantly increased the expression levels 
of PPARy mRNA and protein. This data suggests that 




Figure 1 Effect of ARA extract on cell viability in 3T3-L1 cells. 

The cells were treated with or without ARA extract at concentrations 
of 100, 250, 500, and 1000 \ig/ml for 8 days. Cell viability was 
determined by assay. Each value represents the meant S.D. 
(n = 3). 

V J 



Han et al. BMC Complementary and Alternative Medicine 201 2, 12:1 54 
http://www.bionnedcentral.conn/1472-6882/12/154 



Page 4 of 7 




B. 



100 



250 



500 



ARA(^g/mL) 




ARAOig/mL) 

Figure 2 Effect of ARA extract on lipid accumulation in 3T3-L1 cells. The cells were induced to differentiate into adipocytes with MDI 
medium with or without ARA extract (100, 200 and 500 mg/mL) and troglitazone (10 |jg/mL) for 8 days. Troglitazone used as a positive control. 
(A) The cells were stained with Oil Red 0 on day 8. Representative photomicrographies (X 100) are shown for each treatment group. (B) To 
quantify lipid accumulation in the cells, Oil Red 0 dye was dissolved in isopropanol and the optical density was measured at 490 nm. Data was 
based on the OD values. Each value represents the mean±S.D. (n = 3). *p<0.05 vs. control. P: preadipocyte, C: control, 100: ARA 100 pg/mL, 250: 
ARA 250 Mg/mL, 500: ARA 500 MQ/mL and T: troglitazone 10 MQ/mL 



ARA extract promotes adipogenic differentiation via 
upregulation of PPAR y expression. 

Effect of ARA extract on GLUT4 expression 

GLUT4, an insulin-regulated glucose transporter, is highly 
expressed in adipose tissues [5]. Therefore, we investigated 
the expression of GLUT4 in 3T3-L1 cells by western blot 
and immunofluorescent staining. As shown in Figure 4A, 
ARA extract significantly increased the expression of 
GLUT4 in 3T3-L1 cells. In keeping with the increased 
protein expression of GLUT4, immunofluorescence data 
also showed a considerable increase in GLUT4 expression 
by ARA extract treatment in 3T3-L1 cells (Figure 4B). 

Effect of ARA extract on PI3K pathway 

The study evaluated the effects of ARA extract on the insu- 
lin signaling pathway in 3T3-L1 cells. Insulin signaling is 
initiated by the binding of insulin to the insulin receptor to 
activate IRS-1, which subsequently activates PI3K; the acti- 
vation of PI3K results in the recruitment of GLUT4 to the 
cell surface [17]. In this study, the PI3K activation and IRS-1 
phosphorylation were increased in ARA extract-treated cells 
in a concentration-dependent manner (Figure 5). This data 
demonstrated that ARA extract may improve glucose 



uptake in adipocytes by inducing GLUT4 expression and ac- 
tivation of the PI3K/IRS-1 signaling pathway. 

Discussion 

The present study provides the first evidence that 
the root extract of A. japonica (ARA) promotes the 
insulin-induced conversion of preadipocytes into adi- 
pocytes, accompanied by increased expression of 
PPARy, a key adipogenic transcription factor, in 3T3- 
Ll cells. Moreover, we have demonstrated that ARA 
extract activated the insulin signaling pathway by in- 
creasing GLUT4 and PI3K/IRS-1 phosphorylation in 
adipocytes. Our results suggest that ARA extract may 
have inhibitory activity against T2D by promoting 
adipogenic differentiation with activation of the insu- 
lin signaling pathway. 

As an index of adipogenic differentiation, lipid ac- 
cumulation was measured using Oil Red O staining 
because lipid droplets produced in the adipocyte 
cytoplasm are selectively stained with Oil Red O 
[18]. In this study, the effect of ARA extract on adi- 
pogenic differentiation was evaluated using Oil Red 
O staining. The result showed that treatment of ARA 
extract in 3T3-L1 preadipocytes remarkably pro- 
moted adipogenic differentiation. Furthermore, the 
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Figure 3 Effect of ARA extract on PPARy expression in 3T3-L1 
cells. The cells were induced to differentiate into adipocytes with 
MDI medium with or without ARA (100, 200 and 500 mg/mL) 
extract for 8 days. (A) The expression of PPARy mRNA was analyzed 
by RT-PCR. Relative density was calculated as the ratio of PPARy 
expression to GAPDH expression. (B) The protein expression of 
PPARy was analyzed by western blot. Relative density was calculated 
as the ratio of PPARy expression to actin. Each value represents the 
mean ± S.D. (n = 3). *p < 0.05 vs. control. P: preadipocyte, C: control, 
100: ARA 100 pg/mL, 250: ARA 250 pg/mL and 500: ARA 500 Mg/mL. 



enhanced rate of differentiation with ARA extract at 
500 (ig/mL was similar to that with trogUtazone, a 
PPARy activator, TrogUtazone is a member of the 
drug class of TZDs (ThiazoUdineodiones), which are 
a class of synthetic PPARy ligands that improve 
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Figure 4 Effect of ARA extract on GLUT4 expression in 3T3-L1 
cells. The cells were induced to differentiate into adipocytes with 
MDI medium with or without ARA (100, 200 and 500 mg/mL) 
extract for 8 days. (A) The expression of GLUT4 protein was analyzed 
by western blot. (B) Representative image of GLUT4-positive cells by 
immunostaining. Left panels, GLUT4-positive staining; middle panels, 
nuclear DAPI staining; and right panels, merged images of GLUT4 
and DAPI. P: preadipocyte, C: control, 100: ARA 100 Mg/mL, 250: ARA 
250 Mg/mL and 500: ARA 500 Mg/mL. 



insulin resistance in target tissues and are used for 
the treatment of T2D [13]. PPARy has emerged as a 
key regulator of adipogenic differentiation in adipose 
tissue [19]. In mature adipocytes, PPARy regulates 
insulin signaUng, glucose and lipid metabolism [20]. 
Therefore, PPARy is a major target for the treatment 
of various diseases, including diabetes, and has been 
an attractive target for new drug discovery [13,20]. 
This study showed that ARA extract effectively pro- 
moted adipogenic differentiation in preadipocytes by 
enhancing the PPARy transcription levels. Based on 
the results of the present study, we suggest that the 
stimulatory effect of ARA extract on adipogenic dif- 
ferentiation may be mediated by up-regulation of 
PPARy expression and activity. 

PPARy ligands are known to increase glucose trans- 
port by insulin-sensitive tissues by regulating the 
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Figure 5 Effect of ARA extract on PI3K/IRS-1 signaling pathway 
in 3T3-L1 cells. The cells were induced to differentiate into 
adipocytes with MDI medium with or without ARA (100, 200 and 
500 mg/mL) for 8 days. The expression of PI3K and the 
phosphorylation of IRS-1 were analyzed by western blot. Relative 
density was calculated as the ratio of PI3K and IRS-1 expression to 
actin expression. Each value represents the mean±S.D. (n = 3). 
^p<0.05 vs. control. C: control, 100: ARA 100 Mg/mL, 250: ARA 
250 Mg/mL and 500: ARA 500 Mg/mL. 



expression of several genes involved in glucose metabol- 
ism [11]. Insulin responsiveness is acquired during the 
maturation and differentiation of adipocytes and involves 
the expression of proteins responsible for the phenotypic 
functions of adipocytes, such as GLUT4, PI3K and IRS-1 
[21]. On the other hand, in insulin-resistant states, signal 
transduction via the insulin receptor is impaired and ac- 
tivation of downstream targets such as IRS-1 and 
GLUT4 is decreased [22]. In this study, we demon- 
strated that ARA extract can increase the phosphoryl- 
ation of IRS-1 and PI3K and the expression of GLUT4 
in adipocytes, suggesting that ARA extract may improve 
insulin resistance. 



Conclusions 

In conclusion, our results showed that ARA extract sig- 
nificantly promoted adipogenic differentiation in 3T3-L1 
preadipocytes with up-regulation of PPARy expression 
via activation of the GLUT4/PI3K/IRS-1 insulin signal- 
ing pathways. Although the possibility that other 
mechanisms of ARA extract improve diabetic conditions 
should be studied, our findings suggest that ARA extract 
is an attractive therapeutic agent for managing T2D. 
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